We investigated the efficacy and safety of liposomal clarithromycin formulations with different surface charges against clinical isolates of Pseudomonas aeruginosa from the lungs of cystic fibrosis (CF) patients. The liposomal clarithromycin formulations were prepared by the dehydration-rehydration method, and their sizes were measured using the dynamic-light-scattering technique. Encapsulation efficiency was determined by microbiological assay, and the stabilities of the formulations in biological fluid were evaluated for a period of 48 h. The MICs and minimum bactericidal concentrations (MBCs) of free and liposomal formulations were determined with P. aeruginosa strains isolated from CF patients. Liposomal clarithromycin activity against biofilm-forming P. aeruginosa was compared to that of free antibiotic using the Calgary Biofilm Device (CBD). The effects of subinhibitory concentrations of free and liposomal clarithromycin on bacterial virulence factors and motility on agar were investigated on clinical isolates of P. aeruginosa. The cytotoxicities of the liposome preparations and free drug were evaluated on a pulmonary epithelial cell line (A549). The average diameter of the formulations was >222 nm, with encapsulation efficiencies ranging from 5.7% to 30.4%. The liposomes retained more than 70% of their drug content during the 48-h time period. The highly resistant strains of P. aeruginosa became susceptible to liposome-encapsulated clarithromycin (MIC, 256 mg/liter versus 8 mg/liter; P < 0.001). Liposomal clarithromycin reduced the bacterial growth within the biofilm by 3 to 4 log units (P < 0.001), significantly attenuated virulence factor production, and reduced bacterial twitching, swarming, and swimming motilities. The clarithromycin-entrapped liposomes were less cytotoxic than the free drug (P < 0.001). These data indicate that our novel formulations could be a useful strategy to enhance the efficacy of clarithromycin against resistant P. aeruginosa strains that commonly affect individuals with cystic fibrosis.
C ystic fibrosis (CF) is a fatal inherited disease that is common among the Caucasian population and affects 30,000 and 3,000 newborns/year in the United States and Canada, respectively (1, 2) . Cystic fibrosis is a multiorgan disease affecting the liver, pancreas, gastrointestinal tract, and lungs; however, pulmonary injury is the main cause of death among CF patients (3) (4) (5) .
The underlying molecular mechanism of CF is mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene located on chromosome 7 (4, 6) . The CFTR molecule is a 1,480-amino-acid membrane-bound chloride channel (7) . The structure and function of the channel in CF are compromised by over 1,800 types of mutations (2) . The most prevalent mutation, delta F 508, is a deletion of phenylalanine at position 508 and is responsible for 70% of CF cases worldwide (6, 7) . The CFTR glycoprotein regulates salt and water transport across epithelial cells (8, 9) . Accumulation of the chloride ion inside the cells carrying defective CFTR protein results in dehydration of the epithelial lining fluid and overproduction of thick and sticky mucus (10) . The condition, in part, provides a suitable environment for microbial growth, including bacteria, such as Staphylococcus aureus, Haemophilus influenzae, Burkholderia cepacia, and Pseudomonas aeruginosa (11) . P. aeruginosa, however, persists in the lungs of over 80% of adults suffering from CF and causes recurrent infection and inflammation (1, 4, 12) . P. aeruginosa is a ubiquitous aerobic Gram-negative bacterium that affects individuals with compromised immune systems and has a high intrinsic resistance to most antibiotics (13, 14) . P. aeruginosa possesses a large array of virulence factors, such as flagellum, pili, elastase, chitinase, lipase, and proteases (15) (16) (17) . The flagellum and pili can bind to the overexpressed asialoganglioside (GM1) in CF epithelial cells and help bacteria to twitch, swarm, and swim toward nutritional signals, as well as in biofilm formation (18) (19) (20) (21) . Elastase, chitinase, lipase, and proteases can cause degradation and damage of elastin, collagen, and immunoglobulins, affecting alveolar epithelial permeability (22) .
There are several molecular mechanisms by which bacteria, including P. aeruginosa, resist the action of macrolide, including target site modification by methylation and/or mutation that prevents the binding of antibiotics to their target molecules and inactivation of the drugs or efflux (23) (24) (25) .
Forming biofilm is one of the strategies for bacteria to evade chemotherapy, as well as the host immune response (26) . Biofilm formation, however, starts with attachment of the microorganism to a surface, followed by production of extracellular matrix composed of polysaccharides and proteins, which mediate bacterial attachment during the initial biofilm community formation process (27) (28) (29) . Biofilm protects bacteria from phagocytosis, opsonization by antibodies, and their removal by the ciliary action of tracheal epithelium (30, 31) . Furthermore, the extracellular polymeric matrix delays the diffusion of some antibiotics into the community (27, 32) , and thus, bacteria might be exposed to a drug concentration below the MIC, leading to increased mutation and resistance of the bacteria (33) . P. aeruginosa in biofilms was found to be resistant to macrolide due to mutation in nfxB, which encodes the negative transcriptional regulator protein NfxB for the efflux pump, leading to increased expression of the efflux pump MexCD-OprJ and resistance of P. aeruginosa to macrolide (34) .
Pseudomonal lung infections are treated with antibiotics, such as aminoglycosides and macrolides, to reduce infection (35, 36) . Macrolide antibiotics are usually characterized by a large lactone ring within their structure (23) . They are classified according to the number of lactone ring components: 14-membered (erythromycin and clarithromycin [CAM]), 15-membered (azithromycin) (37) , and 16-membered (roxithromycin) (17) groups. Macrolides are effective against most aerobic and anaerobic Gram-positive organisms and many Gram-negative bacteria (35, 37) . They are used for treating respiratory tract and soft tissue infections (23, 38) . Macrolides, such as clarithromycin, inhibit protein synthesis in bacteria by reversibly binding to the 50S ribosomal subunits (38) . Clarithromycin is also known as the most effective chemotherapy against Mycobacterium avium complex (MAC) (39) . The effective doses of oral clarithromycin are 200 to 500 mg/ml in adult humans; long exposure and high doses are required for treating chronic respiratory P. aeruginosa infection (40, 41) . A group of investigators reported the beneficial effect of clarithromycin on treatment of biofilm-associated chronic respiratory P. aeruginosa infection in a murine model (26) . Clarithromycin, however, is a known inhibitor of the hepatic microsomal cytochrome CYP3A4 (42) , which has a significant role in metabolizing macrolides. The loss of CYP3A4 catalytic ability resulted in elevated serum drug levels and hepatotoxicity (43) . Due to the high resistance of P. aeruginosa to most antimicrobial agents, including macrolides (35) , and the appearance of toxicity of some drugs (44) , there is a strong demand for novel drugs, as well as new and safe delivery systems, such as liposomes, to combat P. aeruginosa-induced chronic infection (45) .
Liposomes are round vesicles consisting of one or more phospholipid bilayers surrounding an aqueous solution space (46, 47) . Hydrophobic drugs, such as macrolides, can be entrapped in the lipid bilayers of the biocompatible and biodegradable liposomes, while hydrophilic drugs can be incorporated into their aqueous compartments (36, 48, 49) . Liposomes, as a drug carrier system, have the ability to improve antibiotic therapy by decreasing antibiotic toxicity and enhancing bactericidal efficacy through fusion with the bacterial membrane (48, (50) (51) (52) . Liposomes have the ability to protect their loads from the host cellular elements and the action of bacterial enzymes (50, (53) (54) (55) . Another study indicated that the liposomal formulation was effective in enhancing polymyxin B antimicrobial activity against Gram-negative bacteria compared to the free drugs (56) . A previous in vivo study performed in a rat model demonstrated that liposomal tobramycin administered intratracheally improved the pharmacokinetic parameters and significantly reduced P. aeruginosa bacteria after multiple treatments (57) . Another study showed that liposomeencapsulated clarithromycin significantly increased the uptake of human macrophages into the encapsulated agent and reduced M. avium complex infection compared to the free drug (58) . Furthermore, combination therapy using liposomal amikacin in the initial phase of chemotherapy in M. avium infection enhanced the efficacy of a clarithromycin/ethambutol regimen (59) .
The aim of this work was to investigate whether the lack or the type of surface charges in liposomal formulations containing clarithromycin-negatively charged liposomal clarithromy-cin (NEG-Lipo-CAM), positively charged liposomal clarithromycin (POS-Lipo-CAM), and uncharged liposomal clarithromycin (NEU-Lipo-CAM)-would enhance clarithromycin antimicrobial activity. We also evaluated clarithromycin cell toxicity and measured the liposomal formulation size, stability, and antibacterial activity (MIC and minimum bactericidal concentration [MBC]) in vitro. Furthermore, we investigated the formulations' ability to prevent biofilm formation, virulence factor production, and motility of clarithromycin-resistant strains of P. aeruginosa.
MATERIALS AND METHODS
Chemicals and media. Clarithromycin was obtained from Sigma-Aldrich (Oakville, ON, Canada). Dipalmitoylphosphatidylcholine (DPPC) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Other chemicals, such as didecyldimethylammonium bromide (DDAB), dicetyl phosphate (DCP), Triton X-100, trypan blue, elastin-Congo red, chitin azure, and agarose, were also obtained from Sigma-Aldrich (Oakville, ON, Canada). For antibiotic susceptibility tests, Mueller-Hinton agar, trypsin-EDTA, and the Cell Titer Blue Cell Viability Assay kit were purchased from Fisher Scientific (Ottawa, ON, Canada). Tryptic soy agar, tryptic soy broth, Luria-Bertani (LB) broth, and Luria-Bertani agar were purchased from Becton Dickinson Microbiology Systems (Oakville, ON, Canada). Cationic-adjusted Mueller-Hinton broth for culturing microorganisms was purchased from BD (Franklin Lakes, NJ). Normal pooled plasma was purchased from Precision Biologic (Dartmouth, NS, Canada). ABt medium consisted of 27 mM (NH 4 ) 2 SO 4 , 30 mM Na 2 HPO 4 · 2H 2 O, 20 mM KH 2 PO 4 , 47 mM NaCl, 1 mM MgCl 2 , 0.1 mM CaCl 2 , 0.01 mM FeCl 2 , 0.5% (wt/vol) glucose, 0.5% (wt/vol) Casamino Acids, and 0.00025% (wt/ vol) thiamine.
Microorganisms. A laboratory strain of Bacillus subtilis (ATCC 6633) was used as an indicator organism for clarithromycin activity. Laboratory strains of P. aeruginosa (ATCC 10145 and ATCC 25619) and clinical isolates of P. aeruginosa (PA-M13639-1, PA-M13641-2, PA-1, PA-11, PA-12, PA-13572, and PA-M13640) were purchased from PML Microbiologicals (Mississauga, ON, Canada) or obtained from the Clinical Microbiology Laboratory of Memorial Hospital (Sudbury, ON, Canada). All strains were stored at Ϫ80°C in cationic-adjusted Mueller-Hinton broth supplemented with 10% glycerol.
Liposome preparation. Clarithromycin was encapsulated into liposomes composed of different lipids (DPPC, DDAB, and DCP) and cholesterol (CHOL). The positively charged liposomal formulation was composed of DDAB, DPPC, and cholesterol in a ratio of 4:2:1; the negatively charged liposomal formulation was composed of DCP, DPPC, and cholesterol in a ratio of 4:2:1; and the uncharged liposomal formulation was composed of DPPC and cholesterol in a ratio of 6:1. The liposomal formulations were prepared by the dehydration-rehydration method (60, 61) . Briefly, the lipids were dissolved in the chloroform-methanol solution (2:1 [vol/vol]). A rotary evaporator (Rotavapor; Büchi Labortechnik AG) was used to evaporate the organic solvent (62) . Once a thin, dry lipid layer was formed, clarithromycin solution (1 mg/ml) was added, followed by a series of sonications using the Sonic Dismembrator (FS20H; Fisher Scientific, Ottawa, Canada) (45) .
Microbiological assay. After preparation of the liposomes, the mixture was centrifuged at 16,000 ϫ g for 20 min at 4°C. Triton X-100 was added to the pellet to release the drug, as previously reported (60, 63) . The concentrations of clarithromycin incorporated into liposomes were measured by agar diffusion assay (56) . A B. subtilis laboratory strain (ATCC 6633) was used as the indicator organism for clarithromycin activity, as recommended by the Clinical and Laboratory Standards Institute (CLSI). B. subtilis was cultured overnight in cationic Mueller-Hinton broth, and a bacterial solution was prepared equivalent to a 0.5 McFarland standard (1.5 ϫ l0 8 CFU/ml) (60) . The cells were added to an agar solution at 41°C and quickly poured into a sterile glass plate (440 mm by 340 mm) to form a thin layer of agar and bacteria. Wells 5 mm in diameter made with a well puncher were filled with 25 l of samples or standard solutions (62) , and the plate was incubated for 18 h at 37°C (47) . After the incubation period, inhibition zones in the plate were measured in triplicate. The averaged values for each triplicate sample were used to analyze the encapsulation efficiency of the liposomal formulations for clarithromycin.
The sensitivity of the assay was 0.002 mg/liter. The quantifiable limit for clarithromycin was 0.002 mg/liter. At concentrations from 0.002 to 0.0125 mg/liter, the coefficients of variation ranged between 1 and 2%. Over the same concentrations, the intraday coefficients of variation ranged between 2 and 3%. For 10 samples of spiked clarithromycin, the standard curve linearity extended over the range of 0.002 to 0.0125 mg/ liter and gave a correlation coefficient greater than 0.99. The concentration measurements are the means of at least three independent experiments, with each experiment measured in triplicate.
Encapsulation efficiency determination. The encapsulation efficiency of liposomal clarithromycin was determined as the percentage of clarithromycin entrapped in the liposomes relative to the initial total amount of the drug in solution (54) . The concentration of the entrapped clarithromycin was determined by the microbiological assay outlined above (62) .
Size determination and polydispersity index. The polydispersity index (PI) and the mean diameter of liposomes were determined by using a Submicron Particle Sizer Model 270 (Nicomp, Santa Barbara, CA) (47, 54, 64) .
Stability of liposomal clarithromycin. The stability of liposomal clarithromycin was assessed in phosphate-buffered saline (PBS) at 4°C and 37°C. The stability of liposomal clarithromycin was determined as the percentage of retention of the initial encapsulated drug after a period of time under different conditions (54, 65) . Briefly, liposomal clarithromycin was suspended in PBS and incubated in a water bath shaker with mild agitation at 100 rpm (Julabo SW22 Incubator Shaker; Labortechnik, Seelbach, Germany). After incubation times of 0.25, 0.5, 1, 3, 6, 12, 24, and 48 h (64), samples were centrifuged at 18,300 ϫ g for 15 min at 4°C to remove the released drugs (52, 66) . The supernatants of the liposomal samples were collected, and 25 l was transferred into holes on a plate containing agar prepared with an appropriate bacterial culture (B. subtilis ATCC 6633). The plates were then incubated at 37°C for 18 h, and the inhibition zones were measured. Free-clarithromycin concentrations were also determined by agar diffusion assay (60) .
MIC and MBC. A broth dilution method was used to determine the MICs of liposomal clarithromycin. Overnight cultures of the clinical strains of P. aeruginosa were diluted in cationic Mueller-Hinton broth to achieve 0.5 McFarland standard (56) . The bacterial cell populations were then exposed to several dilutions of liposomal or free clarithromycin ranging from 0.031 to 256 mg/liter and thoroughly mixed with Mueller-Hinton agar. The plates were incubated for 18 h at 37°C (45) . For MBC assays, bacterial suspensions were mixed with subinhibitory concentrations, MICs, and two times the MICs of free CAM or Lipo-CAM, and the plates were incubated for 24 h at 37°C (63) . Broth medium alone and free clarithromycin bacterial cultures were used as negative and positive controls, respectively.
Bactericidal activity of liposomal clarithromycin against P. aeruginosa in biofilm (MBEC). In order to assess the minimum biofilm eradication concentration (MBEC), P. aeruginosa strain PA-13572 was allowed to form a biofilm in a Calgary biofilm plate (Innovotech, Edmonton, AB, Canada) as previously reported (67) . Briefly, strain PA-13572 (1.5 ϫ 10 6 CFU/ml; 24 ml) was added to the Calgary biofilm device plates. The plates were placed in an incubator shaker rotating at 50 rpm (Innova 4000 Incubator Shaker; New Brunswick Scientific, NJ) at 37°C for 4 days, ensuring equal distribution of medium in the troughs and adhesion of PA-13572 to the pegs (fresh broth was added every 24 h to remove the nonadherent bacteria). After 5 days, the biofilms on the pegs were washed twice with medium, and sterile forceps were used to transfer the biofilm pegs into microcentrifuge tubes containing 1 ml of PBS. The pegs were then sonicated for 1 min to detach and disperse bacteria, followed by vortexing for 2 min. The bacterial suspension was subjected to 10-fold serial dilutions for a bacterial count to serve as the control. Aliquots of 100 l of each dilution were plated on Mueller-Hinton agar and incubated for 24 h at 37°C. The rest of the pegs were then submerged in a 96-well pate containing 200 l of different dilutions of free CAM, NEG-Lipo-CAM, POS-Lipo-CAM, and NEU-Lipo-CAM. The plate was incubated at 37°C for 24 h. The peg lid was washed with medium twice, and the pegs were removed and transferred to microcentrifuge tubes, sonicated, and serially diluted (10-fold) for bacterial counts (CFU) after 24 h of incubation at 37°C.
Virulence factor assays. To test which concentrations below the MIC are subinhibitory, free or liposomal formulations (NEG-Lipo-CAM, NEU-Lipo-CAM, and POS-Lipo-CAM) at concentrations of 1/2 to 1/8 the MIC were introduced into P. aeruginosa PA-13572. The bacterial growth was repetitively monitored (optical density at 600 nm [OD 600 ]) up to 8 h. For experiments involving lipase, chitinase, elastase, and protease assays, P. aeruginosa PA-13572 was cultured in ABt medium for 18 h at 37°C (68) , and then the cell density of the bacteria in a 100-ml flask was adjusted to match 0.5 McFarland standard (OD 600 ϭ 0.132) following incubation for 1 h at 37°C. When the bacterial cell density doubled to an OD 600 of 0.26 (67) , the cells were exposed to equal volumes of free and liposomal formulations at 1/8 the MIC. After 24 h of incubation, bacterial concentrations were measured at OD 600 and the suspension was centrifuged for 15 min (16,000 ϫ g at 4°C) and filtered sterilized (0.22 m) for biochemical assays.
(i) Lipase assay. The reaction mixture for the lipase assay consisted of 0.6 ml of 10% Tween 20 in Tris buffer, 0.1 ml of 1 M CaCl 2 , 0.6 ml of filtered supernatant, and 1.6 ml of double-distilled water; we used medium alone (blank) as a control (68, 69) . The reaction mixtures were incubated at 37°C for 24 h (69) with agitation at 200 rpm (Innova 4000 Incubator Shaker; New Brunswick Scientific, NJ). Lipase uses Tween 20 as a substrate and converts it into fatty acid and alcohol. The resulting fatty acid bound to the calcium and formed an insoluble complex the absorbance of which was measured in a spectrophotometer at 400 nm (67, 70) . Lipase experiments were done three times in triplicate.
(ii) Chitinase assay. Insoluble chitin azure (5 mg) was properly mixed with 1 ml of filtered suspended supernatant or medium alone (blank) in 1 ml of PBS. The reaction mixture was incubated for 24 h at 37°C. Chitinase breaks chitin azure and produces a blue compound whose absorbance was determined at 290 nm. Experiments were performed three times with two replicates. The resulting data were normalized by dividing the optical density by the cell density (OD 600 ) (68, 71) . The experiment was repeated three times in triplicate.
(iii) Elastase assay. Insoluble elastin-Congo red (20 mg) (72) was mixed with 1 ml of PBS and 1 ml of filtered suspended supernatant or medium alone (blank) as a control (68) . The mixture was incubated for 24 h at 37°C with agitation at 200 rpm (Innova 4000 Incubator Shaker; New Brunswick Scientific, NJ). Elastase breakdown of insoluble elastin-Congo red produced a red compound whose absorbance was measured at OD 459 (73) after centrifugation at 16,000 ϫ g. All these experiments were repeated at least three times in triplicate (68) .
(iv) Protease assay. Filtered supernatants or medium alone (100 l) was transferred into the wells of a petri dish containing 2% agarose and 2% skim milk, following incubation for 48 h at 37°C. Zones of clearance due to the proteolytic activity of protease could be easily observed (74) and were measured (in mm) using digital calipers (67, 68) . All these experiments were repeated at least three times in triplicate.
(v) Effect of liposomal clarithromycin on P. aeruginosa motility. The motility of P. aeruginosa was investigated by methods described previously (67) . Briefly, P. aeruginosa PA-13572 grown overnight was diluted to 1.5 ϫ 10 8 CFU/ml, and 1 l was inoculated onto a 3-mm depth of ABt-agarose plates containing a subinhibitory concentration of free or liposomal clarithromycin (1/8 the MIC). Inoculation into the bottom of ABt medium with agarose (1% [wt/vol]) was used for twitching, and point inoculation onto the medium with agarose (0.3% [wt/vol]) was used for swimming and swarming (0.5% [wt/vol]). After 12 h of incubation at 37°C, swimming and swarming diameters were measured. For twitching at the agarose-petri dish interface, after 24 h of incubation at 37°C, the medium was gently removed and the petri dish was air dried. A 1% crystal violet solution was used to stain the petri dish for 10 min. The petri dish was rinsed, and the crystal violet-stained twitching pattern was measured. All experiments were performed in three independent experiments in triplicate.
Determination of liposomal clarithromycin cytotoxicity. We used a human lung carcinoma epithelial cell line (A549; ATCC, Manassas, VA) for the cell viability assay. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin (75) . The cells were allowed to grow until they attained 85% confluence in 5% CO 2 at 37°C (50) .
The viability of the cells was determined by Cell Titer Blue assay. The cells were seeded into 24-well plates (75) at a density of 5 ϫ 10 5 cells/ml and left to adhere to the surfaces of the wells overnight (50) . The cell culture medium was then replenished with 500 l of fresh medium containing free clarithromycin or liposomal clarithromycin at four different concentrations (2ϫ, 1.5ϫ, 1ϫ, and 0.5ϫ the MIC) and transferred into the 24-well plates. In this assay, different liposomal formulations of clarithromycin-positively charged liposomal clarithromycin (DPPC, DDAB, and CHOL), negatively charged liposomal clarithromycin (DPPC, DCP, and CHOL), and uncharged liposomal clarithromycin (DPPC and CHOL)-were used. The concentrations of free or liposomal clarithromycin that had been introduced to the A549 cells were calculated based on the MIC value for each formulation, as stated above. All of these liposomal preparations were exposed to these concentrations for three different periods-24, 48, and 72 h-following incubation in 5% CO 2 at 37°C. The wells containing only cell culture medium without the drug were used as controls (50, 51) . Once the required exposure period was over, they were removed, and the cells were washed once with PBS and subsequently with cell culture medium to remove any residual Lipo-CAM or free CAM. Then, the existing medium was replaced with 500 l of fresh medium, and 100 l of resazurin dye was added to each of the 24-well plates. The cells were then incubated overnight in the dark at 37°C in 5% CO 2 (50) . The absorbance was measured at 570 nm, using 600 nm as a reference wave-length in a spectrophotometer. A blank well containing Cell Titer Blue reagent without cells was used as a reference (75) . All experiments were performed independently three times in triplicate.
Data analysis. The data are represented as means Ϯ standard errors of the mean (SEM) of three independent experiments. For comparisons of multiple groups, one-way analysis of variance (ANOVA) was performed using GraphPad Prism, followed by a post-t test. P values of Ͻ0.05, Ͻ0.01, and Ͻ0.001 were considered statistically significant.
RESULTS
Encapsulation efficiency and size. The percent encapsulation efficiency (EE%), size, and size distribution for liposomal formulations are summarized in Table 1 . A PI of Ͻ0.1 indicates a homogeneous population. The results are given as means Ϯ SEM of three separate experiments.
Stability of liposomal clarithromycin. The stability of liposomal clarithromycin was evaluated in PBS at 4°C (storage temperature) and at 37°C (body temperature) for a study period of 48 h. It was evident from the data that the liposomal clarithromycin stored at 4°C was more stable than that incubated at 37°C. The negatively charged liposomal clarithromycin retained 94.15% Ϯ 0.34% of the drug at 4°C, and its retention rate was 92.03% Ϯ 0.78% at 37°C. Antibiotic retention of the positively charged liposomes followed the same pattern, though the retention rates were much lower (60.13% Ϯ 0.92% at 4°C and 53.00% Ϯ 0.95% at 37°C). The negatively charged liposome formulation was significantly more stable than the positively charged formulation (P Ͻ 0.001). The uncharged liposomal clarithromycin showed more stability at a lower temperature and retained more antibiotics than the liposomes at 37°C (95.07% Ϯ 0.005% versus 91.00% Ϯ 0.76%, respectively). There was no significant difference between the stabilities of negatively charged liposomes and uncharged liposomes; however, the uncharged formulation was significantly more stable than the positively charged formulation (P Ͻ 0.001).
MICs and MBCs. The MICs of liposomal clarithromycin against P. aeruginosa strains were significantly lower than those of free clarithromycin, as illustrated in Table 2 . The experiments were done with two highly clarithromycin-resistant mucoid and nonmucoid clinical strains of P. aeruginosa. As demonstrated in Table 2 , the MICs of free clarithromycin for all P. aeruginosa strains were Ն256 mg/liter compared to 64 mg/liter for negatively charged liposomal clarithromycin. The MICs for uncharged liposomal clarithromycin against P. aeruginosa strains were reduced from over 256 mg/liter for free clarithromycin to 32 mg/liter, whereas positively charged liposomal clarithromycin was effective at 8 mg/liter. The MIC against one of the resistant strains (PA-1) was 4 mg/liter for positively charged liposomal clarithromycin compared to 16 mg/liter for uncharged liposomal clarithromycin and 32 mg/liter for negatively charged liposomal clarithromycin. The difference between the MICs and MBCs of liposomal clarithromycin and free clarithromycin against P. aeruginosa strains was remarkable (2 to 4 versus 256 to 512 mg/liter, respectively). The MBCs of free clarithromycin against P. aeruginosa strains were Ն512 mg/liter compared to 64 mg/liter for NEG-Lipo-CAM and NEU-Lipo-CAM. The positively charged liposomal clarithromycin was bactericidal at 16 mg/liter ( Table 2) . Liposomal clarithromycin bactericidal activity on P. aeruginosa biofilm. POS-Lipo-CAM and NEG-Lipo-CAM completely eradicated P. aeruginosa 13572 in the biofilm, whereas NEU-Lipo-CAM and free CAM reduced bacterial numbers in biofilm communities by 5 and 3 log units (CFU/ml), respectively, at 128 mg/ liter (Fig. 1) . POS-Lipo-CAM still proved to have a potent effect on bacteria in biofilms: it was able to completely eliminate the bacteria within the biofilm at a lower concentration of 64 mg/liter. The other formulation could only decrease P. aeruginosa at 64 mg/liter by 3 log units for free and negatively charged liposomes and 4 log units for uncharged liposomes compared to the control. It was also observed that the liposomal formulations and free clarithromycin at 32 mg/liter reduced bacterial counts by 2 log units for free CAM and NEG-Lipo-CAM and 3 log units for POS-Lipo-CAM compared to the control.
Effects of subinhibitory concentrations of free and liposomal clarithromycin on growth of P. aeruginosa.
Both free and liposomal clarithromycin affected the growth of P. aeruginosa PA-13572 ( Fig. 2a and b ). Subinhibitory concentrations (1/8 the MIC), however, did not inhibit bacterial growth (Fig. 2c ). For this reason, all experiments involving virulence factors were performed using subinhibitory concentrations of 1/8 the MIC.
Effects of liposomal clarithromycin on bacterial virulence factors. The levels of lipase, chitinase, elastase, and protease in the free-or liposomal-clarithromycin-treated PA-13572 cultures were measured at 1/8 the MIC. Positively charged liposomal clarithromycin attenuated lipase production significantly compared to the control (P Ͻ 0.001), while uncharged liposomal CAM and negatively charged liposomal CAM were ineffective (Fig. 3a) . Chitinase production in the supernatant was evaluated by quantifying the release or breakdown of chitin azure (see Materials and Methods). Liposomal CAM (uncharged and positively charged) reduced chitinase production. However, the negatively charged liposomal CAM reduced chitinase production significantly (P Ͻ 0.001) (Fig. 3b ). All liposomal formulations reduced elastase and protease production significantly at 1/8 the MIC (P Ͻ 0.05) compared to the control ( Fig. 3c and d, respectively ). There were no significant differences in the attenuation of elastase and protease production between the free-clarithromycin and liposomal-clarithromycin formulations.
Effect of liposomal clarithromycin on bacterial motility. We examined bacterial motility, including twitching, swarming, and swimming, in the presence of subinhibitory concentrations of either free or liposomal clarithromycin with different surface charges (neutral, positive, and negative). Liposome-loaded clarithromycin significantly reduced twitching of P. aeruginosa PA-13572 compared to the free-clarithromycin and control groups (P Ͻ 0.001) (Fig. 4a ). However, positively charged liposomes exhibited more reduction in the twitching motility of P. aeruginosa (P Ͻ 0.01 and P Ͻ 0.001 compared to negatively charged and uncharged liposomal formulations, respectively). For swarming, liposomes (neutral, positive, and negative) were able to reduce swarming of P. aeruginosa PA-13572 at the subinhibitory concentration compared to the free-clarithromycin and control groups (Fig. 4b) . However, positively charged liposomes reduced swarming more significantly than uncharged and negatively charged liposomes (P Ͻ 0.001). Liposomal formulations attenuated the swimming activity of P. aeruginosa compared to the free-clarithromycin and control groups (Fig. 4c ). However, positively charged liposomes reduced swimming activity significantly (P Ͻ 0.001) compared to neutral and negatively charged liposomes.
Toxicity of liposomal clarithromycin. When lung cells were incubated for 24 h and exposed to 2ϫ the MIC of treatments, cell viabilities were 100% for NEG-Lipo-CAM, 99% for NEU-Lipo-CAM, 1% for POS-Lipo-CAM, and 20% for free CAM. Following a 48-h period, the viabilities of lung cells exposed to treatment formulations at 2ϫ the MIC were 97% for NEG-Lipo-CAM, 95%
for NEU-Lipo-CAM, 1% for POS-Lipo-CAM, and 5% for free CAM. After 72 h of incubation, at 2ϫ MIC, the percentages of cell viability were 93% for NEG-Lipo-CAM, 98% for NEG-Lipo-CAM, 0% for POS-Lipo-CAM, and 1% for free CAM (Table 3 ).
DISCUSSION
In this study, we established that macrolide antibiotics can be efficiently encapsulated in liposomes composed of DPPC-cholesterol, DPPC-DDAB-cholesterol, or DPPC-DCP-cholesterol. Our data show that the efficiency of encapsulation of clarithromycin by negatively charged liposomes was significantly higher than that of other formulations due to attractive interaction with positively charged clarithromycin (76) . These results were in agreement with a study that showed that an electrostatic attraction between the negatively charged drug ciprofloxacin and positively charged lipids increases the percent encapsulation efficacy compared to a negatively charged drug (77) .
The size of a liposomal formulation is a determining factor in terms of its intended anatomical target. The particle diameter of negatively charged liposomal clarithromycin was larger than that of the positively charged formulation. This is due to the inclusion of charge, which results in an increased space between the adjacent bilayers. The phenomenon can be explained by the attraction of the drug to negatively charged particulates and pushing the phospholipid head group apart (54, 77) . An additional factor that must be considered in the development of an effective drug delivery system is the carrier stability. The liposome's stability was found to be largely independent of temperature, although liposomal formulations were more stable at 4°C. In order to enhance the stability further, we chose to incorporate cholesterol in our formulations. Cholesterol reduces the bilayer permeability of the liposomal membrane, allowing greater drug retention at higher temperatures (64, 66) . We found that liposomes composed of DPPC-CHOL and DCP-DPPC-CHOL retained more drug in PBS than liposomes composed of DDAB-DPPC-CHOL at the end of a 48-h experimental period. This may be due to the electrostatic repulsion that occurs between the drug and the positively charged liposomes, which results in a higher rate of drug release and a change in the phase transition temperature (77) . This may also be explained by highlighting important factors that contribute to liposome stability, such as the formulation of the saturated neutral phospholipids with different acyl chain lengths and the transition temperature of the phospholipids (78) . An earlier report from our laboratory confirmed the notion that the higher transition temperatures of liposomes are more stable due to an increase in the acyl chain length of constituent lipids; this may explain the better stability of liposomes in formulations containing DPPC (64) .
We have shown that the liposomal clarithromycin formulations enhance clarithromycin antimicrobial activity against a re-sistant clinical strain of P. aeruginosa. This is in agreement with previous reports indicating that liposomal formulations are highly effective against most strains of bacteria compared to free drug (52) . The MICs and MBCs of liposomal clarithromycin were less than those of free clarithromycin. In most cases, the MIC of free clarithromycin was 256 mg/liter, which is consistent with a previous study (78) . To our knowledge, our formulations are the first liposomal carriers that enhance clarithromycin antibacterial activity against antibiotic-resistant clinical strains of P. aeruginosa. Positively charged liposomal clarithromycin was highly effective against P. aeruginosa strains, reducing the MIC from a resistant level of 256 mg/liter to a sensitive level of 8 mg/liter. It is possible that electrostatic attraction and fusion occurring between positively charged liposomal clarithromycin and the cell membrane of P. aeruginosa enhances its activity in vitro. Similar results were obtained in previous studies, which showed other formulations of positively charged liposomes (PC-DOPE-DOTAP [phosphatidylcholine-dioleoyl-glycero-phosphoethanolamine-dioleyloxy trimethyl ammonium-propane] and PC-CHOL-DOTAP) exhibited better antimicrobial efficiency against P. aeruginosa than other formulations of liposomes (79) .
Clarithromycin in its free form is known to be a bactericidal enhancer in the treatment of P. aeruginosa biofilms (80, 81) . A previous study offered two explanations for the eradication of membranous structures of biofilms after treatment with clarithro- mycin: destruction of the polysaccharide glycocalyx by clarithromycin and inhibition of de novo polysaccharide synthesis (80) . In terms of the improved efficacy of our liposomal formulations, continuous contact with the target and slow antibiotic release may accelerate biofilm penetration by the drug (50) . Positively charged liposomal clarithromycin affects biofilm more than other formulations, as it completely eradicates the biofilm community at lower concentrations than the others. This might be due to the attraction between the opposite charges of the bacterial membrane and the liposomal formulation. This allows better penetration of the liposomes into the biofilm and release of antibiotics within the community (79) . Different electrical charges affect biofilms differently: negatively charged liposomal clarithromycin eradicated biofilms completely at high concentrations, while uncharged liposomal clarithromycin produced an acceptable reduction of the biofilm community. This is in agreement with our earlier findings on the efficacy of uncharged liposomal antibiotic formulations (65, 82) . Thus, formulations containing a variety of liposomes are superior in biofilm eradication and can be utilized to overcome bacterial resistance to antibiotics.
Previous studies demonstrated that macrolides at subinhibitory concentrations inhibited bacterial motility, which contributes to biofilm formation, by affecting the gene expression responsible for producing flagella and preventing proper assembly of type IV pili on the surfaces of bacteria (30, 83) , thereby causing a reduction of bacterial motility, including twitching, swarming, and swimming. Here, we demonstrated that encapsulation of clarithromycin into liposomes resulted in improving the efficacy of clarithromycin in inhibiting P. aeruginosa motility. The enhanced activity of liposomal formulations might be attributed to fusion of liposomes to the bacterial cell wall (66) so that a high concentration of antibiotic can be delivered directly to the bacterial cytoplasm, allowing inhibition of flagellar and type IV pilus activities (30, 35) . Furthermore, we have noted improved efficacy of positively charged liposomal formulations, which could be explained by the interaction of the positively charged liposome surface with the negatively charged bacterial cell wall, which attracts a high concentration of liposome-loaded clarithromycin to fuse with the bacterial cell membrane (79) .
A subinhibitory concentration of macrolides might reduce the production of virulence factors and host tissue damage (84, 85) . A previous study demonstrated the effect of a subinhibitory concentration on reducing virulence factors using azithromycin (86) . Wozniak and Keyser showed that a sub-MIC level of clarithromycin inhibited the formation of the biofilm matrix and the production of proteases (30, 87) . A sub-MIC level of clarithromycin, however, is less effective than azithromycin in reducing the production of elastase and lipase (88) . Considering these reports, a combination of the antitwitching property of clarithromycin, which might be enhanced when encapsulated in novel liposomal formulations, with the bactericidal properties of other drugs may prove more effective in treating chronic bacterial infections.
Exposure of A549 human lung cells to free clarithromycin reduced cell viability by 99% at 2ϫ the MIC after 72 h of treatment. After the same period of treatment, negatively charged and uncharged liposomal clarithromycin at similar concentrations protected the cell against clarithromycin toxicity. These and other published data support our hypothesis that liposomal formulations protect host cells from toxic drugs. It was also shown in previous work that the liposomal formulation reduced the toxicity a P values were considered significant compared with free clarithromycin (PϽ0.001). b P values were considered significant for free or liposomal clarithromycin compared to the control (PϽ0.001).
of antibiotics for cell line A549 for different formulations of liposome (DPPC-dimyristoyl glycerol-phosphoglycerol [DMPG]) (50, 51, 53) . In contrast, positively charged liposomal clarithromycin at a low concentration decreased the viability of A549 cells. This phenomenon has since been observed by others for positively charged liposomes containing DDAB lipid (89) . It is possible that the positively charged lipid DDAB had an adverse effect on cell proliferation (51, 90, 91) .
In conclusion, these data indicate that negatively charged liposomal clarithromycin successfully reduced clarithromycin toxicity, greatly affected biofilm community members, and improved clarithromycin activity against highly resistant P. aeruginosa. Future experiments will assess the efficacy of these liposomal clarithromycin formulations in animal models.
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